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Electric-field generated by the combustion of titanium in nitrogen
K. S. Martirosyan,a兲 Mona Setoodeh, and Dan Lussb兲
Department of Chemical Engineering, University of Houston, Houston, Texas 77204

共Received 24 March 2005; accepted 30 June 2005; published online 6 September 2005兲
A short temporal electrical impulse 共duration of 30– 150 ms兲 was generated during the nitridation of
mixtures of titanium and titanium nitride by a high temperature moving reaction front. The
maximum voltage and current were generated in the combustion front region, in which the
conversion of Ti to TiN was incomplete. The electric field 共voltage up to 2 V and current up to
60 mA兲 decayed and vanished before the maximum combustion temperature was attained. The
generation of an electric field during a rapid high-temperature nitridation is most probably due to the
different diffusion velocities of charge carriers through the growing titanium nitride shell during the
initial stage of the reaction. When the reactant mixture contained a high percentage of pure titanium
共larger than 60 wt %兲, partial melting led to irreproducibility in the amplitude and duration of the
electrical signal. © 2005 American Institute of Physics. 关DOI: 10.1063/1.2007847兴
INTRODUCTION

Many experimental and theoretical investigations have
significantly enhanced our understanding of the kinetics and
mechanisms of metal combustion in different gas environments 共O2, N2, H2, or their mixture兲. The combustion of
metal particles in oxygen may generate an electromagnetic
field in and around the sample.1–5 For example, electrical
voltage and current of about 2 V and 100 mA were measured during the initial stage of combustion in oxygen of
large 共쏗 ⬃ 0.8 mm兲 single metal particles of Zr, Ti, Fe, and
Ni.6 The different diffusion fluxes of positive and negative
charge carriers through a mixed ionic-electronic conducting
oxide shell was the main cause for the generation of this
temporal electrical field.6,7
Almost all previous studies of electrical-field formation
during high-temperature gas-solid combustion involved oxidation reactions. Only two studies were concerned with
electric-field formation during nitridation.8,9 A bipolar electrical signal with maximum amplitude of about 80 mV was
generated during the nitridation of titanium between two
electrodes located 50 mm apart in the direction of the propagating temperature front.8 The two electrodes were exposed
to different temperatures, nitrogen pressures, nitridation degrees, and electric resistances when the signal was measured.
These studies did not determine the relations between the
formation of the local electrical potential, local combustion
temperature, and product conversion. The mechanism of the
electrical-field formation during metal nitridation by combustion synthesis is not established at present, nor is it
possible to predict its magnitude, impact, and potential
applications.
The combustion synthesis of titanium nitride has been
studied extensively10–14 owing to its desirable properties,
such as thermal stability, high hardness, and relatively high
electrical conductivity. Time-resolved x-ray diffraction
共TRXD兲 showed that the first step in this nitridation was an
a兲
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␣ → ␤ transition of the Ti, followed by formation of TiN.10 A
solid solution of nitrogen in titanium formed during the first
2 s of interaction. The nitridation of the titanium was completed in about 6 s after the propagation of the combustion
front. Quenching the combustion front over a wide range of
nitrogen pressures 共0.1– 20 MPa兲,11,12 showed that the titanium nitridation was incomplete in the combustion front.
Several complex phase transitions, which depended strongly
on the gas pressure, occurred during the nitridation. It was
suggested that a thin surface layer of TiN and an unsaturated
solid solution form in the propagating high-temperature
front. This nitride surface layer is formed and dissolved as
the solution becomes saturated.15 The growth rate of TiN
formed in high-temperature nitridation is controlled by nitrogen diffusion.11,12 Prediction of the characteristics of the
electric field evolved during the nitridation requires knowledge of the mechanism by which nitrogen diffuses through
titanium or TiN, as this determines if and which charge carriers form during that transport. However, there exists no
established mechanism of nitrogen diffusion during the
nitridation.
We studied the temporal evolution of electrical field and
temperature rise during the nitridation of Ti in order to enhance our knowledge and understanding of this phenomenon
and to enable the development of models predicting its characteristics. Since the combustion temperature of pure Ti
powder in nitrogen is much higher than the melting temperatures of the electrodes and thermocouple, we used mixtures
of Ti and TiN as the reactants. The experimental technique
described in Ref. 16 was used to measure simultaneously the
local electrical potential and temperature.
EXPERIMENTAL SYSTEM AND PROCEDURE

Figure 1 is a schematic of the top view of the experimental system; 共A-A兲 the cross section of the ceramic boat is
shown on the side. The temperature and electrical voltage/
current signals were measured by a multichannel dataacquisition board 共Omega, Inc.兲 and recorded on a personal
computer 共PC兲. The electric voltage/current were measured
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FIG. 1. Schematic of the experimental system.

by two Pt electrodes 共쏗 ⬃ 0.1 mm兲 that were inserted at a
depth of ⬃1 – 2 mm from the sample surface and located at a
distance of 1 mm from each other in a plane perpendicular to
the direction of the moving planar combustion front. Thus,
for the two electrodes the combustion front was planar, even
when the front was somewhat distorted below the surface
and around the ends of sample. The distance between the two
electrodes l was ten times smaller than their distance from
the boat wall in order to prevent distortion of the front by the
reactor wall.
The electrodes were directly connected to the input of a
voltmeter/ammeter. The impedance during the voltage and
current measurements were 0.25 M⍀ and 0.1 ⍀, respectively. The electric potential along the planar combustion
front is uniform. Therefore, in order to measure the electric
potential of the combustion front with reference to the
ground one electrode was set as the earth. The temperature
was measured by a S-type 共Pt–Rh兲 or C-type 共W / Rh兲 thermocouple of about 0.1-mm diameter. The enthalpy of the
o
reaction Ti+ 1 / 2N2 → TiN is about ⌬H298
= −334.4 kJ/ mol
and the adiabatic combustion temperature is about 4602 K.17
It was essential to decrease the reaction temperature to protect the Pt electrodes and thermocouple from melting. This
was accomplished by mixing titanium and TiN powders
共99.5% pure, Alfa Aesar Company兲. The average particle
sizes of the Ti and TiN were ⬃12 and 3 m, respectively.
The reactant powders with different ratios of Ti/ TiN were
mixed for 30 min in a ball mill machine 共CertiPrep, Inc兲.
About 10 g of the loose reactant mixture 共relative density
⬵0.35兲 was placed into a 8-cm-long ceramic boat in quartz
reactor fed by nitrogen 共99.99%兲 at a flow rate of up to
10 1 / min 共measured under atmospheric pressure and room
temperature兲. The reactant’s mixture was ignited by an electrically heated coil, the width of which 共⬃12 mm兲 was almost equal to that of the boat to ensure formation of a planar
front. The current to the heating coil was terminated immediately after ignition to avoid electrical disturbance during
the measurements.
An IR digital video camera 共60 frame/ s, Indigo Systems兲 with high-temperature germanium filter was used to

FIG. 2. 共Color online兲 Temporal IR thermal images of the sample surface
during the combustion synthesis of titanium nitride 共x = 0.5兲.

follow the shape, temperature, and the velocity of the combustion front. The IR camera was calibrated to measure temperatures up to 2000 ° C using an electrically heated wolfram
coil and a W / Rh thermocouple.
The product composition and microstructure were analyzed by x-ray diffraction 共XRD兲 共Siemens D5000; Cu K␣
radiation source兲 and scanning electron microscopy 共SEM兲
共JEOL JAX8600, Japan兲. The mass fraction of each phase in
the combustion product was determined by the reference intensity ratio 共RIR兲 method. Crystal cell parameters were calculated and refined applying linear regression procedures
共Philips APD1700 software兲 to the measured peak positions of
all the major reflections.
EXPERIMENTAL RESULTS

We measured the temporal electric signal generated during the nitridation of mixtures of titanium and titanium nitride powder by the reaction:
xTi + 共1 − x兲TiN + 0.5xN2 → TiN,

共1兲

where x is dilution coefficient with 0.5艋 x 艋 0.8. At a dilution of 50 wt %, neither Ti nor its products melted during the
gas-solid nitridation reaction. The reaction temperature of
mixtures with x ⬎ 0.6 exceeded 1900 ° C, causing melting of
the titanium particles.
Figure 2 shows typical infrared 共IR兲 images during the
synthesis at x = 0.5. IR thermal images of the sample surface
showed that the combustion front was planar at the center of
the sample, where the electrodes and thermocouple were located. It propagated with a constant velocity of about
2.8 mm/ s and its maximum temperature was about 1700 ° C.
The temporal electric voltage and temperature generated during the combustion synthesis of TiN are shown in Fig. 3. An
electrical voltage formed when the moving front temperature
was about 1300 ° C. The voltage and current attained their
maximum values 共⬃0.85 V and ⬃20 mA兲 at a temperature
of ⬃1400 ° C. The voltage was annihilated at about
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TABLE I. The thermal wave characteristics and electric voltage and current
generated during combustion synthesis of TiN for various compositions.

FIG. 3. Temporal temperature and electric voltage generated by a planar
combustion front. The distance between two Pt electrodes ⬃1 mm 共x
= 0.5兲.

1600 ° C, i.e., before the maximum combustion temperature
of 1700 ° C was attained. The duration of the electric field of
150 ms was much shorter than that of the temperature rise
共⬃1 s兲. Each experiment was repeated five times and the
electrical voltage and current signals were reproducible
within ±10% during the combustion synthesis of TiN at x
= 0.5.
An increase in the content of Ti in the mixture increased
the combustion temperature and the maximum voltage/
current amplitude. However, the high reaction temperature in
mixtures containing more than 60-wt % Ti, caused a large
irreproducibility in the amplitude and duration of the electrical signals. Figure 4共a兲 shows the two electric signals ob-

FIG. 4. 共a兲 Temporal electric voltage generated by two experiments conducted under the same experimental conditions for x = 0.8; and 共b兲 Evolution
of temporal electrical current and temperature for x = 0.8. The distance between the two Pt electrodes ⬃1 mm.

Dilution
coefficient
x

Combustion
velocity
共mm/s兲

Maximum
combustion
temperature
共°C兲

Maximum
voltage
共V兲

Maximum
current
共mA兲

0.5
0.6
0.7
0.8

2.8
3.4
3.9
4.2

1700
1890
2020
2150

0.85
0.9–1.5
1–1.8
1.1–2.0

20
20–36
24–40
30–60

tained for two repeated experiments carried out under identical conditions for a mixture with x = 0.8. The maximum
electrical voltage and current in these two experiments
changed from 1.1 to 2.0 V and 30 to 60 mA, respectively.
Moreover, the signal duration was 30 ms in one experiment
and 100 ms in the second. The electrical signals were generated and annihilated well before the combustion temperature
attained its maximum 关Fig. 4共b兲兴. The thermal wave characteristics and electric signal measurements during combustion
synthesis of TiN for various compositions are summarized in
Table I. The large irreproducibility between repeated experiments at x 艌 0.6 is probably caused by the molten Ti in the
back of the moving combustion front. It causes movement of
the particles located between the two electrodes and affects
the electrical signal reproducibility.
An electrode and a thermocouple were placed at about
1 mm above the sample’s surface 共the ground electrode was
still inside the sample兲 to measure the electrical gradient in
the gas phase around the high-temperature combustion front.
Figure 5 shows that the electrical signal in the gas phase
exhibited a very weak smooth signal with a maximum amplitude of about 3 mV. The amplitudes of the voltage in the
gas phase during the synthesis of TiN at x = 0.5 and 0.6 were
about 1.5 and 2.8 mV, respectively. The behavior of these
signals was similar to that obtained for x = 0.8. The voltage
increased monotonically with the temperature. The electrical
signal in the gas phase around the combustion front was
negligible compared with the generated electrical signal on
the surface of particles.
A scanning electron micrograph 关Fig. 6共a兲兴 of the grain

FIG. 5. Temporal electric voltage and temperature generated in the gas
phase around the sample for x = 0.8. Ground electrode was inside the sample.
The second electrode and thermocouple were located 1 mm above the
sample.
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FIG. 7. Powder x-ray diffraction of 共a兲 sample surface, 共b兲 center of sample,
and 共c兲 initial mixture, x = 0.5. Key: 共 *兲 Ti, and 共⫹兲 TiN.

FIG. 6. The microstructure of combustion product produced from a mixture
with 共a兲 x = 0.5, and 共b兲 x = 0.8.

structure and the agglomeration of titanium nitride particles
共smaller than 1 – 2 m兲 indicated that no melting occurred
during the nitridation when x = 0.5. Image processing of the
micrograph 共OPTIMAS 6.0 software兲 revealed the presence of
3% unreacted Ti particles 共white spots in Fig. 6共a兲 micrograph兲 with a size of about 10 m around the center of the
sample. Nitridation of mixtures containing more than 60wt % Ti caused partial melting of the Ti, which, in turn,
decreased the conversion. A micrograph of a sample containing 80-wt % Ti 关Fig. 6共b兲兴 revealed a continuous liquid Ti
matrix, surrounded by TiN layers at the edge of the pores.
XRD analysis of the combustion products at x = 0.5 共Fig.
7兲 showed that the conversion of titanium to titanium nitride
was complete near the surface, but only 97% at the center of
the product. The synthesized titanium nitride has a NaCltype cubic crystal 共Fm3m兲 structure. Its lattice parameter,
calculated from the patterns of the strongest peaks 关200兴,
关111兴, and 关220兴 of 4.239 Å, closely agreed with the reported
values.18

DISCUSSION

Previous studies indicated that the nitridation of Ti was
not completed in the combustion zone, i.e., before the maximum temperature was reached, and that it was completed in
the post combustion region.10–12 In all our experiments the
maximum voltage 共measured by electrodes inside the
sample兲 was obtained before the maximum temperature was
achieved 关Figs. 3 and 4共b兲兴. Thus, the electrical signal was

generated when the titanium was only partially converted to
TiN and the particles consisted of a Ti core surrounded by a
shell of TiN.
The experiments indicate that if the maximum combustion temperature exceeds ⬃1700 ° C a large irreproducibility
of the electrical signal between repeated experiments occurs.
This is due to the short distance between the region in which
melting occurs and that at which the electrical current decays. When the temperature at the reaction zone considerably
exceeds the titanium melting temperature of 1660± 10 ° C,
the flow of titanium in the back of the moving front can
cause movement of the particles located between the electrodes, leading to irreproducibility of the electrical signal.
For example, at x = 0.8 the combustion front moves at a velocity of about 4.2 mm/ s. The time span between the generation and extinction of the signal, and achieving the maximum combustion temperature is about 0.2 s 关Fig. 4共b兲兴.
Therefore, the distance between particles located between the
electrodes and those at the maximum combustion temperature of about 2150 ° C is less than 1 mm 共4.2 mm/ s ⫻ 0.2 s
= 0.84 mm兲.
Three established mechanisms may generate an electrical field during a high-temperature gas-metal reaction: thermoelectric phenomenon 共TP兲 or Seebeck effect, hightemperature electron thermal emission 共TE兲,19 and
differential diffusion of charge carriers through a product
layer.
A temperature difference at the junction of two dissimilar metals produces a thermoelectromotive force E, satisfying the relation
E = k̃共T1 − T2兲,

共2兲

where T1 and T2 are the combustion and initial 共room兲 temperatures, respectively; k̃ is a coefficient that depends on the
two metals. The voltage generated by TP between Ti, TiN,
and Pt, present in our system, is estimated to be smaller than
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20 mV at 1800 K 共average temperature at which the electrical signals existed兲. The thermoelectric effect in either S- or
C-type thermocouple generates an electric voltage of the order of 20– 35 mV.20 The measured electric voltage in our
experiments was significantly higher in the range of 0.8– 2 V
共Figs. 3 and 4兲. Thus, thermoelectric phenomenon was not a
dominant factor in the electric-field formation in our
experiments.
The current density 共Je兲 generated by thermal emission
from a homogeneous surface is predicted by the RichardsonDushman relation to be19
Je = 共1 − k̄兲A0T exp共− /KT兲,
2

共3兲

where k̄ is the electron reflection coefficient, A0
= 4mek2 / h3 = 1.204⫻ 106 A m−2 K−2,  is the solid work
function, e is the electron charge, m is the electron mass, k is
Boltzman’s constant, and h is Planck’s constant. The work
function for ␣ Ti, ␤ Ti, Pt, and TiN is 3.95, 3.65, 5.32, and
3.75 eV, respectively. At a temperature of 2000 K the maximum calculated thermal emission current density for k̄ = 0
and  = 3.65 eV is about 0.3 A / cm2. The maximum measured current density between two electrodes with an area of
2 ⫻ 10−3 cm2 during our experiment was about 30 A / cm2,
exceeding by two orders of magnitude those predicted by Eq.
共3兲. Moreover, for atmospheric gas surrounding the electron
reflection coefficient k̄ exceeds zero, which further decreases
the predicted value of TE current density.
Both the electric voltage generated by the thermoelectric
phenomenon and the current produced by the thermal emission increased monotonically with temperature. The weak
signals generated by the TE effects can be seen in Fig. 6.
However, when the electrodes were located inside the
samples 共Figs. 3 and 4兲 the duration of the signals was much
shorter than that of the temperature rise and their maximum
values were obtained before the sample attained its maximum temperature. Thus, neither thermoelectric nor thermal
emission phenomena were the main source of the electrical
field formed in our experiments. Thus, we conjecture that the
electrical field was generated mainly by the different rates of
diffusion of charge carriers through the product layer.
The mechanism by which nitrogen diffuses through titanium or TiN during high-temperature titanium nitridation has
not yet been established. This information is essential for
determining if and which charge carriers form during this
reaction. It was reported21,22 that nitrogen vacancies form in
␦ TiN when the nitrogen concentration is lower than the
stoichiometric composition, while titanium vacancies from
when the nitrogen concentration exceeds the stoichiometric
composition. It was suggested that nitrogen vacancies are the
principal defects in the nitride layer.23 Trace experiments revealed that the ␦-TiN layer grew by nitrogen atom diffusions. The formation of nitrogen vacancies in titanium nitrides is governed by the reaction
2Nx = N2共g兲 + 2Vx ,

共4兲

where Nx denotes a nitrogen atom and Vx a vacancy in the
nitrogen site. The gaseous nitrogen is adsorbed as a very thin

layer on the titanium particle’s surface via the reversible reaction
1
Nx ↔ N2共g兲.
2

共5兲

At the same time, electron-hole pairs are generated on the
particle surface via thermal ionization e− + h+ ↔ nil. Accordingly, in the absence of interaction between defects, the concentration of charge carriers on the solid surface is determined by the reaction,
N− ↔ Nx + e− .

共6兲

The low enthalpy ⬃0.213 eV 共Ref. 24兲 of reaction 共6兲 supports the conjecture that negative nitrogen ions 共N−兲 form on
the surface of the titanium particles and diffuse through the
growing shell of TiN. They rapidly react with titanium at the
shrinking metal core. The nitrogen diffusion flux determines
its rate of consumption at the shrinking metal core, and the
growth rate of the exterior nitride shell. Thus, during the
nitridation nitrogen ions, vacancies and electron-hole pair
diffuse through the growing titanium nitride shell. A double
charge layer is formed on the surface of individual particles
due to the different diffusive velocities of the charge carriers
across the growing product shell. The magnitude of the electrical signal depends on the ratio of the diffusion fluxes of
the positive and negative charge carriers.
CONCLUSIONS

The experiments suggest that a temporal electric voltage
and current form during the high-temperature titanium nitridation due to different diffusion velocities of charge carriers
共negative nitrogen ions, positive nitrogen vacancies in TiN,
and electron-hole pair兲 through a growing titanium nitride
shell. The transient electrical signal formed during the initial
stage of the combustion, before the maximum combustion
temperature was attained and before the titanium nitridation
was completed. Strictly “solid” nitridation experiments of
mixtures containing Ti and 50-wt % TiN proceeded as gassolid reactions and were reproducible. Partial melting occurred in mixtures containing more than 60 wt % of Ti due
to higher combustion temperatures. This led to irreproducibility of the electrical measurements.
A reliable predictive model of the electrical-field formation during the nitridation of a powder requires knowledge
and understanding of the nitridation mechanism of a single
spherical pellet. This information about this complex process
may be attained by conducting single pellet experiments. Understanding of this electrical-field evolution may be of importance also in other high-temperature processes encountered in combustion, rockets, and some explosives.
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